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Abstract
Algae with secondary plastids such as diatoms maintain two different eukaryotic cytoplasms. One of them, the so-called
periplastidal compartment (PPC), is the naturally minimized cytoplasm of a eukaryotic endosymbiont. In order to investigate
the protein composition of the PPC of diatoms, we applied knowledge of the targeting signals of PPC-directed proteins in
searches of the genome data for proteins acting in the PPC and proved their in vivo localization via expressing green
ﬂuorescent protein (GFP) fusions. Our investigation increased the knowledge of the protein content of the PPC
approximately 3-fold and thereby indicated that this narrow compartment was functionally reduced to some important
cellular functions with nearly no housekeeping biochemical pathways.
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Introduction
The cytoplasm is an essential compartment with many
functions. However, algae with plastids of secondary origin
which are surrounded by four membranes harbor two
evolutionarily different cytoplasms per individual cell
(Cavalier-Smith 1999). The additional cytoplasm originated
from the integration of a phototrophic eukaryotic cell into
another eukaryotic one. Here, successive reduction of the
endosymbiont led to a complex plastid surrounded by either
three or four membranes, as it is found in many organisms
of ecological or medical interest, such as cryptophytes,
chlorarachniophytes, heterokonts, haptophytes, eugleno-
phytes, peridinin-containing dinoﬂagellates, and apicom-
plexa (Hempel et al. 2007; Bolte et al. 2009).
In organisms with complex plastids surrounded by four
membranes, the outermost membrane might trace back
toaphagotrophicmembrane,whichisinseveralphylafused
with the endoplasmic reticulum (ER) of the host. The second
outermost membrane (periplastidal membrane [PPM]) re-
sembles the former plasma membrane of the eukaryotic en-
dosymbiont, and both innermost membranes are
homologous to the plastid envelope of archaeplastida
(Cavalier-Smith 2003). Thus, the space between the second
and third outermost membrane represents the cytoplasm of
the eukaryotic endosymbiont (ﬁg. 1B). In cryptophytes and
chlorarachniophytes, this remnant compartment, called peri-
plastidal compartment (PPC), harbors a pigmy cell nucleus,
the nucleomorph, which was shown to be the remnant nu-
cleus of the respective eukaryotic endosymbiont (Maier et al.
2000; Douglas et al. 2001; Gilson et al. 2006; Lane et al.
2007). However, most of secondarily evolved organisms
show no obvious compartmentalization in the PPC. Thus,
nature provided an interesting example for a step-by-step
reduction ofa cytoplasmiccompartment, namely a reduction
series from a cytoplasm in a free-living eukaryote to a re-
duced, but genetically active PPC in cryptophytes and chlor-
arachniophytes, or even further to a pigmy cytoplasm devoid
of a nucleomorph and therefore without genetic activities in
heterokonts, haptophytes, and apicomplexa.
In previous work, we and others have characterized the tar-
geting signals, which are important for directing nucleus-
encoded proteins into the PPC of cryptophytes and diatoms
(Gould et al. 2006a; Gruber et al. 2007; Sommer et al. 2007).
It was shown that PPC-imported proteins are equipped with
an N-terminal bipartite targeting sequence (BTS), composed
of a signal peptide (SP) followed by a transit peptide-like se-
quence (TP), in which the ﬁrst amino acid (aa) is not aromatic
or a leucine (Kilian and Kroth 2005; Gould et al. 2006a,
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GBE2006b;Gruberetal.2007).Inordertoinvestigatethebiochem-
icalandcellbiologicalcapacitiesofthePPCofthemodelorgan-
ismPhaeodactylumtricornutum,wescreenedthegenomicdata
baseofthediatomforcandidatespossessingaPPC-speciﬁcBTS
and proved positives by in vivo targeting experiments. By com-
biningtheavailabledataofPPC-localizedproteinswiththehere
generatednewdataset,wepresenttheﬁrstcompilationofpres-
ent and absent functionstoa minimizedeukaryotic cytoplasm.
Materials and Methods
Bioinformatical Analysis
To identify putative PPC-localized proteins, we searched
for components involved in cytosolic processes and ana-
lyzed them for the presence of an N-terminal BTS. Protein
sequences were either retrieved by direct search from the
KOG classiﬁcation of the P. tricornutum data base (http://
genome.jgi-psf.org/Phatr2/Phatr2.home.html), the Na-
tional Center for Biotechnology Information (NCBI) protein
data base (http://www.ncbi.nlm.nih.gov/protein), or the P.
tricornutum data base was screened by Blast search for
speciﬁc proteins using, unless otherwise noted, protein se-
quences from Saccharomyces cerevisiae (http://
www.yeastgenome.org/), Arabidopsis thaliana (http://
www.arabidopsis.org/), or Cyanidioschyzon merolae
(http://merolae.biol.s.u-tokyo.ac.jp/)a sq u e r i e s .P r o t e i n s
were classiﬁed based on retrieved NCBI Blast hits and con-
served domains identiﬁed by the NCBI conserved domain
search ((http://www.ncbi.nlm.nih.gov/cdd). Predicted
gene models were examined based on available expressed
FIG.1 . —The PPC and cell structure/plastid compartmentalization of the diatom P. tricornutum. (A) Postulated functions of PPC-localized proteins
are indicated in black boxes. s, symbiontic (PPC-localized); sDer1-1/1-2, degradation at the ER; sUfd1, ubiquitin fusion degradation; sUba1, ubiquitin
activating E1; sUbc, ubiquitin conjugating E2; ptE3P, P. tricornutum ubiquitin ligase E3 of the PPC; Ub, ubiquitin; ptDUP, P. tricornutum deubiquitinating
enzyme of the PPC; sCdc48-1/2, cell division cycle protein; sPUB, PUB and thioredoxin domain containing protein; sHsp70, heat shock protein; sDTC,
DnaJ and TPR domain-containing protein; sDPC, DnaJ and PDI domain-containing protein; sSec14, putative lipid transfer protein sTrxH, thioredoxin;
sNTRC, NADPH depending thioredoxin reductase containing N-terminal thioredoxin domain; sDrp, dynamin-related protein; sa7/sb2/6/7, proteasomal
20S components of the alpha and beta type; sTLP-1, trypsin-like serine protease; sSMC, structural maintenance of the chromosome-like protein; sPRP,
pentapeptide repeats containing protein; sPEL, pectin esterase domain-containing protein; sP4H, prolyl-4-hydroxylase; 6PGDH, 6-phosphoglucono-
lactone dehydrogenase; saCA-1/2, alpha carbonic anhydrase; sORF139/261/532a/534, open reading frame (Guillardia theta nucleomorph-encoded
ORF homolog); ptOmp85, outer membrane protein. Superscript numbers indicate proteins localized in previous studies: 1, (Gould et al. 2006a); 2,
(Sommer et al. 2007); 3, (Hempel et al. 2010); 4, (Gruber et al. 2009); 5, (Weber et al. 2009); 6, (Bullmann et al. 2010). (B) Phaeodactylum tricornutum
possesses an aliform-shaped secondary plastid surrounded by four membranes. The outermost membrane is in continuum with the host rough
endoplasmic reticulum (rER). The space between the two inner- and outermost membrane pairs (PPC) represents the former red algal cytoplasm of the
endosymbiont. cERM, chloroplast ER membrane; cER, chloroplast ER; PPM, periplastidal membrane; PPC, periplastidal compartment; OEM, plastid outer
envelope membrane; IMS, plastid intermembrane space; IEM, plastid inner envelope membrane; Pl, plastid; Nu, nucleus; Mi, mitochondrion; GA, Golgi
apparatus.
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sequence.ToidentifyputativePPC-localizedproteins,three
criteria were considered.
First, sequences were screened for the presence of a BTS,
starting with the SP prediction with SignalP (http://
www.cbs.dtu.dk/services/SignalP/)a n dT a r g e t P( http://
www.cbs.dtu.dk/services/TargetP/), distinguishing between
predicted cytoplasmic, secretory, and mitochondrial localiza-
tions. Proteins containing a predicted SP were then
analyzed for a putative transit peptide-like sequence
using TargetP (http://www.cbs.dtu.dk/services/TargetP/)
and ChloroP (http://www.cbs.dtu.dk/services/ChloroP/).
Due to the weak prediction performance of TargetP
and ChloroP for transit peptide-like sequences of organ-
ism that are of secondary endosymbiotic origin, putative
candidates were checked for N-terminal extensions by
determining the conserved regions of the mature proteins
by NCBI Blast search. Several amino acids separating the
SP from the conserved region were deﬁned as sufﬁcient
for a putative second part of the BTS. Regarding the
second criterion, essential proteins had to be present in
at least two copies in the genome of P. tricornutum in
order to assure the speciﬁc function in the host cytosol.
Third, proteins not known to contain a SP—like exclu-
sively cytosolic functions—but having one in P. tricornu-
tum were considered as putative PPC proteins
irrespective of the lengths of a transit peptide-like
sequence.
Plasmid Construction and Transfection of P. tricor-
nutum
Those genes, which were predicted to encode PPC
proteins, were cloned and transfected into the diatom
P. tricornutum. Here, either the BTS or the full-length cod-
ing sequence was fused to egfp, depending on whether
the end of the putative BTS could be clearly differentiated
from the mature protein part indicated by Blast analysis
(conservation of the protein at the N-terminus). With some
exceptions (indicated in the supporting information S2,
Supplementary Material online), the P. tricornutum
sequences were ampliﬁed from gDNA or cDNA if the
predicted gene model wasn’t conﬁrmed with EST data,
using standard polymerase chain reaction (PCR) condi-
tions. Genomic sequences can be retrieved from the P. tri-
cornutumdatabase(PhatrDBv2.0).Forfurther information
about the protein sequences used for transfection and
primer sequences used for PCR, see supporting informa-
t i o nS 2a n dS 3( Supplementary Material online). For eGFP
localizationstudies,either the BTS or the full-length coding
sequences (as explained above) were cloned in front of
egfp into the pPha-T1 vector and biolistically transfected
intoP.tricornutumcellsasdescribedpreviously(Zaslavskaia
et al. 2000; Sommer et al. 2007).
Confocal Microscopy
All P. tricornutum transformants were analyzed with
a confocal laser scanning microscope Leica TCS SP2 using
aH C XP LA P O4 0 /1.25  0.75 Oil CS objective. Fluores-
cence of eGFP and chlorophyll was exited with an Argon
laser at 488 nm and detected with two photomultiplier
tubes at a bandwidth of 500–520 nm and 625–720 nm
for eGFP and chlorophyll ﬂuorescence, respectively.
Results and Discussion
ThePPCisanaturallyminimizedeukaryoticcytoplasmfound
in organisms with plastids surrounded by four membranes
(Gould et al. 2008). Regardless of the different phylogenetic
origin of the organisms from which the PPC originated
(greenalgalendosymbiont in chlorarachniophytes, orredal-
galendosymbiontin heterokontophytes,haptophytes,cryp-
tophytes, and apicomplexa) (Archibald 2009), two
fundamentally different types exist. On one hand, the
PPCofcryptophytesandchlorarachniophyteshasthecapac-
ity for protein biosynthesis as shown by the presence of
a transcriptionally active nucleomorph and 80S ribosomes.
On the other hand, the PPC of all other organism with sec-
ondary plastids lack a genetic apparatus (Keeling 2009).
Here, we have investigated the PPC of a diatom (ﬁg. 1B)
to learn more about biochemical and cell biological capaci-
ties of a naturally reduced cytoplasm.
Data Mining
The PPC in diatoms is not directly/biochemically accessible
for proteome analyses so far. Thus, we used a combined
in silico/in vivo-localization approach to determine proteins
localized to the PPC.
As a ﬁrst step, we extracted from the ﬁltered model (best
model, proteins–chromosomes) data set of the P. tricornutum
data base (http://genome.jgi-psf.org/Phatr2/Phatr2.down-
load.ftp.html), those protein models exceeding a 50% cutoff
in the hidden markov model SP prediction of the SignalP 3.0
server (http://www.cbs.dtu.dk/services/SignalP/). Starting with
10,025 protein models, this approach led to a list of 2,260
entries all showing a putative SP. After excluding all putative
plastidlocalizedmodelscharacterizedbythepresenceofeither
an aromatic amino acid or leucine at the ﬁrst position of the
putative TPs (970 models), a list of 1,290 protein models
remained.
The computer-based automatic identiﬁcation of a transit
peptide-like sequence (after removal of the predicted SP)
turned out to be difﬁcult as bioinformatic tools like TargetP
and ChloroP have not been trained for the TP prediction of
secondarily evolved organisms. Thus, the automatic discrim-
ination between secretory proteins (without TP) and those
having a PPC-speciﬁc BTS (with TP) has not turned out
effectual. Additionally tests on randomly chosen predicted
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genuine N-terminus of the models especially of such proteins
with unknown function and/or poor conservation. For these
reasons, we changed our strategy and focused on the direct
identiﬁcation of proteins known tobeinvolved in speciﬁc cel-
lular/cytosolic processes. In particular, we searched for pro-
teins involved in vesicular trafﬁcking as well as on soluble
factors involved in lipid biosynthesis, lipid transfer, glycero-
phospholipid-/glycerolipid-metabolism, CO2 concentration
regulation, chaperones, and prolyl-isomerases. In addition,
we inspected entries for components of the cytoskeleton
and for proteins acting in plastid division as well as in protein
transport. We also searched for kinases and phosphatases
and components of the glutathione system. Last but not
least, we were interested in cryptochromes and homologues
to components encoded by the nucleomorph of a crypto-
phyte. We excluded factors involved in carbohydrate metab-
olism, as this was already investigated by another group for
the diatom (Kroth et al. 2008), as well as membrane proteins
in most cases.
By this strategy (see experimental procedures for details),
we identiﬁed 467 genes and their encoded products of
P. tricornutum (supplementary table S1, Supplementary
Material online). All these proteins were manually
checked for the presence of a BTS with the speciﬁcity for
PPC-localization (Gould et al. 2006b, 2008; Gruber et al.
2007). A putative PPC-localization was predicted for 50 en-
tries. Forty of them were analyzed by expressing either the
BTS or the complete gene (depending on the fact whether
the length of the putative BTS could be clearly identiﬁed by
N-terminal conservation of the mature protein) as eGFP fu-
sion protein in P. tricornutum. It was shown earlier that
a punctated eGFP signal adjacent to the chlorophyll auto-
ﬂuorescence of the plastid, originally termed as ‘‘blob-like
structure’’ (Kilian and Kroth 2005), indicates a PPC-
localization. Such a PPC-speciﬁc eGFP signal was obtained
in 22 cases (ﬁg. 2). Ten further fusion proteins entered
the secretory pathway, whereas six constructs showed a mi-
tochondrial localization. In one case, a plastidal signal could
be obtained as well as one construct with a cytosolic eGFP
localization. Taken together, about three-quarter of the
predicted proteins enter the secretory pathway but only ap-
proximately 55% of the predicted PPC proteins are actually
localized in the PPC, indicating the limits of available bioin-
formatical tools.
Equally important as PPC positives are functions not
detectable in the minimized cytoplasm. From the cellular func-
tions searched for, we identiﬁed no PPC-speciﬁc components
involvedinvesiculartrafﬁcking(Rabs,SNAREs,COPIandCOPII,
Clathrin, Caveolin, ESCRT, GEFs, and GAPs), cytoskeleton, reg-
ulatory components such as kinases and phosphatases, cryp-
tochromes, and enzymes catalyzing lipid biosynthesis (see
below). A negative result might be caused for an individual
gene by an incorrect predicted gene model or by the diver-
gence of the PPC-speciﬁc components. However, for complex
cellular functions, such as vesicular trafﬁcking or proteins,
w h i c ha r ec o n s e r v e di ne u k a r y o t e ss u c ha sa c t i n ,an e g a t i v e
result, that is, no entry detected, support but not ﬁnally prove
the absence of a PPC-speciﬁc expressed version.
Even more important, false positives might be mainly
caused bylimits ofthe prediction programs. As long as there
is no prediction tool with high conﬁdence available for
organism containing organelles of secondary origin, in vivo
localizations are absolutely necessary. This is generally not
due to the prediction of the SPs, instead, the low quality
for prediction is mainly based on the not conserved and
poorly characterized transit peptide-like sequences.
Protein Import into and Export Out of the PPC
The PPC has to be crossed by hundreds of nucleus-encoded
plastid proteins. According to recent ﬁndings, protein trans-
port across the second and third outermost membranes
is proposed to be mediated by two protein translocons
(Sommer et al. 2007; Bullmann et al. 2010). These are
a symbiont-speciﬁc ERAD-like machinery (SELMA), a modi-
ﬁedERADsystem inthesecondoutermostmembrane (PPM)
(ﬁg. 1A), which is composed of membrane proteins (sDer1-
1,sDer1-2,ptE3P)andaccompaniedbysolublePPCproteins
(sCdc48, sUfd1, sUba1, sUbc, sUb, ptDUP) to be functional
(Agrawal et al. 2009; Hempel et al. 2009; Kalanon et al.
2009; Spork et al. 2009). In the third outermost membrane
(OEM), an Omp85 protein has been identiﬁed (Bullmann
et al. 2010)( ﬁg. 1A). An additional SELMA factor might
be a second version of Cdc48, sCdc48-2, which we identi-
ﬁed here (ﬁg. 2). It shares a high sequence similarity to
sCdc48-1 and the cytosolic host version that functions in
ERAD. It is known that Cdc48 forms homo-oligomers in
the genuine ERAD (Aker et al. 2007); the presence of a sec-
ond copy in the diatoms PPC offers the possibility for the
formation of hetero-oligomers of both proteins (sCdc48-
1/2) in SELMA. Another possibility might be that one of
the PPC-located sCdc48 has adopted some other functions
aside (or connected to) the SELMA system (see below).
With sPUB, we identiﬁed a further PPC-located protein in
P. tricornutum (ﬁg. 2) which, in respect of its PUB-domain,
might be involved in SELMA functions/transport (ﬁg. 1A).
The PUB-domain usually is found in eukaryotic proteins
closely linked to the ubiquitin-proteasome system (e.g.,
PNGases, Uba, Ubx) (Suzuki et al. 2001; Allen et al.
2006;Madsenetal.2009)andisknowntobeaninteraction
module for Cdc48. Because of its additional thioredoxin do-
main, a redox regulatory function of sPUB for SELMA via
sCdc48-1/2 and therefore for protein import into the PPC
might be presumed. sPUB might act in concert with a peri-
plastidal thioredoxin (sTrxH2) and thioredoxin reductase
(sNTRC), which were recently identiﬁed in a PPC version
(ﬁg. 1A) by the group of Peter Kroth (Weber et al. 2009).
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tem (supplementary table S1, Supplementary Material on-
line), the thioredoxin system might be sufﬁcient for
maintaining the redox state of the PPC.
Vesicular Trafﬁcking Was Not Detected in the PPC
of the Diatom
As mentioned earlier (Hempel et al. 2009), we cannot
deﬁnitively exclude the possibility that nucleus-encoded
proteins destined either for the PPC or the plastid stroma
use different routes for crossing the second outermost mem-
brane. This might be indicated by vesicular structures between
the plastid surrounding membranes, which were detected in
electron microscopical studies (Gibbs 1979). As vesicular pro-
teintransportthroughthePPCmightbeanalternativerouteto
the plastid (Gibbs 1979), we screened the database for factors
involved in vesicle generation and fusion (COPI, COPII,
Clathrin, Caveolin, ESCRT, SNAREs, Rabs, GEFs, and GAPs).
Whereas we were able to detect host copies in most cases
(see supplementary table S1, Supplementary Material online),
candidates for PPC-located members of these protein com-
plexes were not identiﬁed or shown to be wrongly predicted
asPPCproteins. Inaddition, wedidnotdetect any PPC-located
componentsofactinortubulin.Thesenegativeresultsledusto
speculatethatvesicleswithaproteincompositionknowntobe
important for vesicular transport are not present in the PPC.
Consequently, the vesicular structures observed in heterokon-
tophytes might have other functions than vesicle-mediated
protein transport.
In the exterior layer of the outer envelope membrane of
primary plastids, eukaryotic phospholipids, synthesized at
the ER, replaced the former cyanobacterial lipopolysaccha-
ride during primary endosymbiosis (Cavalier-Smith 2000).
Because the innermost membrane pairof secondary plastids
FIG.2 . —In vivo localization studies of P. tricornutum BTS/FL sequences fused to eGFP. Homologous overexpression of BTS- or full-length (FL)-GFP
fusion proteins in all cases led to a characteristic ’blob-like’ GFP-ﬂuorescence pattern, known to correspond to a typical PPC-localization. The blob-like
structure is due to a median constriction of the two innermost membranes of the plastid (OEM/IEM), which leads to a widening of the PPC. TL,
transmitted light; Merge, overlay of plastid autoﬂuorescence (red) and GFP ﬂuorescence (green). The scale bar represents 10 lm. For further
information about the proteins, see text and the legend of ﬁgure 1A.
In Silico and In Vivo Investigations of PPC-Proteins GBE
Genome Biol. Evol. 3:375–382. doi:10.1093/gbe/evr031 Advance Access publication April 17, 2011 379is homologous to the primary plastid envelope, they should
depend on eukaryotic membrane lipids as well. As typical
vesicles might not be present in the PPC of the diatom, lipid
exchangebetweenhostandsymbiontmembraneshastobe
organized by a different mechanism. We found no indica-
tions for lipid biosynthesis in the PPC (supplementary table
S1, Supplementary Material online). Therefore, we screened
for lipid transfer proteins, which succeeded in the identiﬁ-
cation of a homolog to the phosphatidylcholine/phosphati-
dylinositol transporting protein Sec14p from S. cerevisiae
(Mousley et al. 2007), which is PPC-located in vivo (ﬁg. 2).
Protein Folding
Recently, we have shown that the putative translocon in the
thirdoutermostmembrane,ptOmp85,canbepassedbyun-
folded proteins only (Bullmann et al. 2010). Thus, keeping
proteins in a transport-competent conformation might be
an important issue in the PPC. We already reported that
a copy of Hsp70 is PPC localized (Gould et al. 2006b; Som-
mer et al. 2007). Additional hits for factors involved in pro-
tein folding were obtained for sDTC, a probable Hsp70
cochaperone containing an Hsp40-like DnaJ-domain and
several tetratricopeptide repeats, which are known to
mediate protein–protein interaction and the assembly of
protein complexes, and sDPC, which possesses a DnaJ-
and PDI (protein disulphide isomerase)- domain, by bioinfor-
matic search (supplementary table S1, Supplementary
Material online). The PPC-localization of both proteins
was veriﬁed in vivo (ﬁg. 2).
Protein Turnover
The PPC is a reduced cytoplasm and one can expect that
a protein degradation/elimination machinery might be pres-
ent for protein turnover. Protein degradation can be facili-
tated by different proteases or by the 26S proteasome. We
detected several trypsin-like serine proteases (supplemen-
tary table S1, Supplementary Material online) with a pre-
dicted PPC-targeting signal. In vivo expression of such
enzymes might be harmful for the cell. However, expressing
only the BTS of one identiﬁed trypsin-like protease (sTLP1),
a PPC-signal was obtained (ﬁg. 2). In addition, several sub-
units of a proteasome could be identiﬁed with a predicted
PPC-targeting signal. Interestingly, only some components
of the 20S proteasome core complex (a2, two a7, b2,
b3, b6, and b7), but no factors for the 19S cap were de-
tected in a PPC version. The subunits a7-1/2, b2, b6, and
b7 were exemplarily shown to be targeted to the PPC
(ﬁg. 2). Although the predicted PPC-speciﬁc ‘‘minimal’’ pro-
teasome is lacking the regulatory subunits, it might have the
capacitytoformacavity,inwhichproteinscanbedegraded.
This implies that the 20S subunits might be not involved in
typical ubiquitin-dependentproteindegradation.Ifso, ubiq-
uitination in the PPC is reserved for protein transport only,
and the recently reported deubiquitinating enzyme might
be involved in maturation of proteins after ubiquitin-
dependent transport across the second outermost mem-
brane (Hempel et al. 2010). In any case, the lack of the
19S regulatory particle raises the question if there are other
proteins involved in substrate recognition and unfolding. It
was reported that the mammalian AAA-ATPase p97 (homo-
log of Cdc48) with its cofactors (Ufd1, Npl4) is required for
unfolding of some soluble cytoplasmic substrates before
degradation (Beskow et al. 2009). Therefore, one of the
two symbiontic chaperone-like Cdc48 proteins (see above)
might interact with the 20S proteasomal subunits and
provide an unfolding activity, possibly sufﬁcient to form
a ‘‘basic functional proteasome’’ in the PPC.
Cytoskeleton and Plastid Division
We could not identify genes for actin and for the subunits of
tubulin or intermediate ﬁlaments in a PPC-directed version.
However, a SMC-like protein (structural maintenance of the
chromosome-like protein) is presentin the PPC, as shown by
the in vivo localization of a green ﬂuorescent protein (GFP)
fusion with the N-terminal targeting signal (ﬁg. 2). By use of
TMHMM v2.0 (http://www.cbs.dtu.dk/services/TMHMM-
2.0/), a transmembrane domain of 20 amino acids at the
very end of the C-terminus of sSMC was predicted, indicat-
ing that the protein might be anchored to the second (PPM)
or third(OEM) outermost membrane of the complex plastid.
In the absence of chromosomes in the PPC of diatoms, it
might function as a structural element in general.
Division of the complex plastid in P. tricornutum might
involve cell and organelle division proteins from the former
red algal cytoplasm. So far, we could identify a dynamin-
related protein (sDrp, ﬁg. 2) belonging to the group of
Drp5b/ARC5 proteins, which are involved in division of pri-
mary plastids (Gao et al. 2003; Yang et al. 2008), in a PPC-
directed version in P. tricornutum. Hence, diatoms retained
the ARC5 protein in contrast to apicomplexa for which
a new family of dynamin-like proteins involved in apicoplast
division was recently reported from Toxoplasma gondii
(van Dooren et al. 2009).
CO2 Concentration Mechanisms
Enzymes for housekeeping biochemistry, such as glycolysis,
oxidative, and reductive pentose phosphate pathway, were
investigatedbyanothergroup(Gruberetal.2009).However,
with6PGDH,onlyonePPC-localizedproteinwasveriﬁedbyin
vivo localization studies (Gruber et al. 2009). We additionally
searched for carbonic anhydrases (CAs), which in part already
have been identiﬁed by genome analysis and investigated con-
cerningtheirsubcellularlocalizationinpreviousstudies(Tanaka
et al. 2005; Szabo and Colman 2007; Kitao et al. 2008; Kroth
et al. 2008). These enzymes catalyzethereversibleinterconver-
sion of CO2 and HCO3
 (Roberts et al. 1997; Raven 2010)a n d
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mechanism (CCM) and CO2 ﬁ x a t i o ni nd i a t o m s( Tanaka et al.
2005; Kitao et al. 2008). We detected ten CAs in the genome
ofP.tricornutumviabioinformaticanalysis(supplementarytable
S1,SupplementaryMaterialonline):Twob-typeCAs,whichare
alreadyknowntobe plastidlocalized(Tanakaet al.2005;Kitao
et al. 2008), three c-CAs and ﬁve of the a-type. Several of the
a-CAs were predicted as PPC proteins and in vivo localizations
of the tested candidates showed that two of them indeed are
PPC-localized(ﬁg.2).Becauseoftheintricatebuildupandcom-
partmentalizationofthediatomscomplexplastid(fourenvelope
membranes), an efﬁcient ﬂux of CO2 for acquisition and
ﬁxation of inorganic carbon by RuBisCO might be much more
challenging than in organisms with primary plastids. The pres-
enceofCAsinthePPCofP. tricornutum mightsolvethisproblem
ononehandbyraisingtheconcentrationofCO2inthecompart-
ment immediately surrounding the plastid and thus in close
proximitytoRuBisCO(Krothetal.2008)andontheotherhand
by building an efﬂux barrier for CO2 from the plastid (Tanaka
et al. 2005).
While this manuscript was in revision, Tachibana et al.
(2011) published a study in which the cellular localization of
CAs of P. tricornutum was determined. They reported on nine
putative CAs (ﬁve a-, two b-, and two c-CAs) and localized six
of them by expressing their estimated N-terminal presequen-
ces as GFP fusion proteins in the diatom (Tachibana et al.
2011). In respect to a PPC-localization of CAs, our results
are in agreement with their study in the case of one enzyme
(saCA-1). However, the difference in the localization of the
second PPC-located CA (saCA-2) determined by us might
be caused by a divergent length of the targeting signal used
in each case. Because the N-terminus of the mature CA
(saCA-2) was difﬁcult to determine in silico due to poor con-
servation, we included the ﬁrst 169 aa as putative targeting
sequence preceding GFP to investigate in vivo localization,
whereas in the study of Tachibana et al. (2011),o n l y4 6a a
were used. In any case, the study of Tachibana et al.
(2011) and ours indicate that CAs are present in the PPC of
P. tricornutum.
Miscellaneous
Cryptophytes have plastids surrounded by four membranes.
However, their PPC is more complex than that of diatoms
because the remnant of the nucleus of the secondary endo-
symbiont, the nucleomorph, is still present in the PPC. The
ﬁrst complete nucleomorph genome sequence was pub-
lished 2001 (Douglas et al. 2001), indicating a genetically
active PPC, which is contrary to that of diatoms. Neverthe-
less, we used the nucleomorph-encoded genes from the
cryptophyte Guillardia theta for screeningthe P. tricornutum
database. This resulted in the identiﬁcation of four ORFs,
for which homologs are also present in the diatom in a nu-
cleus-encoded but PPC-directed version (ﬁg. 2). Although
afunctionalclassiﬁcationoftheseORFsviahomologysearch
is inconclusive at the moment, Blast results revealed a gen-
eral conservation, in species containing a red alga as sec-
ondary endosymbiont with the exception of sORF139.
Furthermore, we were able to demonstrate a PPC-localiza-
tion for a pentapeptide repeats containing protein (sPRP),
a pectin esterase-like protein (sPEL), and one protein pos-
sessing a prolyl-4-hydroxylase domain plus tetratricopeptide
repeats (sP4H) (ﬁg. 2), which might be important for PPC
maintenance or structure, but the explicit functions in the
diatom PPC are unknown yet (ﬁg. 1A).
Conclusions
Thedatapresentedhereprovideinsightsintothecomposition
ofthesolublefactorsofthePPCofthediatomP.tricornutum
(ﬁg. 1A). Our ﬁndings on existing and, equally important,
missing functions in the PPC of diatoms highlight a naturally
minimized compartment with reduced capacities in cellular
and biochemical functions. By the interpretation of in silico
data combined with in vivo localizations, our results provide
indications on protein transport and folding, protein degra-
dation and processing, plastid division, lipid transfer, struc-
tural maintenance as well as metabolism in the PPC of P.
tricornutum. Future studies should deal with a precise char-
acterizationoftheproteinspresentinthePPCviabiochemical
andinteractionassays.ThecombineddatasetofPPC-located
proteinsgeneratedinthisandpreviousstudiesmaybeofhigh
relevanceforthegenerationofalgorithmstoidentifythesol-
ubleproteomeofthePPCofP.tricornutuminsilico.Offurther
interest are proteomic and targeting studies focusing on
membrane proteins that can address speciﬁc processes such
as energy supply of the PPC or communication pathways
between host and symbiont cytoplasms.
Supplementary Material
Supplementary table S1 and supporting information are
available at Genome Biology and Evolution online (http://
gbe.oxfordjournals.org/).
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